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THERMAL ATOMIC LAYER ETCHING
PROCESSES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional appli-
cation No. 62/432,318, filed Dec. 9, 2016, U.S. Provisional
application No. 62/449,945, filed Jan. 24, 2017, U.S. Pro-
visional application No. 62/455,989, filed Feb. 7, 2017, and
U.S. Provisional application No. 62/485,330, filed Apr. 13,
2017.

BACKGROUND OF THE INVENTION

Field of the Invention

The present application relates to etching processes, more
particularly to thermal atomic layer etching processes using
sequential reactions.

Description

Vapor deposition processes such as atomic layer deposi-
tion (ALD) are well-known. ALD processes typically utilize
alternating and sequential pulses of vapor-phase reactants to
deposit up to a monolayer of material in a controlled and
highly-conformal manner. Thin films deposited by ALD are
used in a wide variety of applications, such as in the
formation of integrated circuits. Controlled removal of
materials is also highly desirable. In contrast to ALD, atomic
layer etching (ALE) utilizes sequential pulses of vapor phase
reactants to remove material from a substrate in each reac-
tion cycle. Typical ALE processes utilize a first reactant to
form a first species on the substrate surface that is then
removed by a second, excited species generated from a
plasma.

SUMMARY OF THE INVENTION

In some embodiments, a film on a substrate is etched in
a reaction chamber by a chemical atomic layer etching
process comprising one or more etch cycles. Each etch cycle
comprises exposing the substrate to a first vapor-phase
halide reactant, such as a non-metal halide reactant, to form
adsorbed species on the substrate surface and subsequently
exposing the substrate to a second vapor-phase reactant,
wherein the second vapor-phase reactant converts the
adsorbed species into volatile species that comprise one or
more atoms from the surface to be etched. In this way at least
some material is removed from the film in each etch cycle.

In some embodiments, the first vapor-phase halide reac-
tant, such as non-metal halide reactant comprises a first
halide ligand and the second vapor-phase reactant comprises
a second halide ligand. In some embodiments, the substrate
is not contacted with a plasma reactant during the etching
cycle. In some embodiments, the etching cycle is repeated
two or more times. In some embodiments the first vapor-
phase halide reactant may comprise metal.

In some embodiments, the volatile adduct comprises an
atrane compound. In some embodiments, the atrane com-
pound is formed from tris(2-aminoethyl)amine or trietha-
nolamine.

In some embodiments, the film comprises at least one of
W, TiN, TiO,, TaN, SiN, SiO,, AlO,, AlO,, Al,O,, ZrO_,
7r0O,, WO,, SiOCN, SiOC, SiCN, AIN and HfO,.

In some embodiments, the surface to be etched comprises
a metal nitride such as TiN or TaN and the second vapor-
phase reactant comprises a Lewis acid.
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In some embodiments, the first vapor-phase halide reac-
tant comprises a metal halide. In some embodiments, the
metal comprises Nb, Ta, Mo, Sn, V, Re, W, or group 5 or
6transition metal. In some embodiments, the first vapor-
phase halide reactant comprises Sb or Te. In some embodi-
ments, the halide comprises chlorides, fluorides, bromides,
or iodides. In some embodiments, the first vapor-phase
halide reactant comprises NbFs.

In some embodiments, the first vapor-phase halide reac-
tant does not comprise a metal. In some embodiments, the
first vapor-phase halide reactant comprises an organic halide
compound. In some embodiments, the first vapor-phase
halide reactant comprises an alkyl halide, an acyl halide, a
sulfonyl halide, a sulfenyl halide, a selenyl halide, or a boron
halide comprising an organic ligand.

In some embodiments, the first vapor-phase halide reac-
tant comprises fluorosulfonic acid, trifluoromethanesulfonic
acid, triftuoromethyl trifluoromethanesulfonate, or 1-chloro
2-(pentafluorosulfuranyloxy )ethane.

In some embodiments, the first vapor-phase reactant com-
prises chlorosulfonyl isocyanate or N,N-dimethylsulfamoyl
chloride.

In some embodiments the first vapor-phase reactant com-
prises boron, hydrogen and a halide. In some embodiments,
the second vapor-phase halide reactant comprises phospho-
rous, oxygen, and a halide. In some embodiments, the first
vapor-phase halide reactant comprises antimony and a
halide.

In some embodiments, the first vapor-phase halide reac-
tant comprises one or more CF, groups.

In some embodiments a first vapor-phase halide reactant
may comprise a cyclic compound like cyclohexanedienes
(chd), cyclopentadiene etc. In some embodiments first reac-
tant may comprise of a,p-unsaturated carbonyl compounds,
for example enones like methyl vinyl ketone etc.

In some embodiments, the second vapor-phase reactant
comprises a Lewis base. In some embodiments, the Lewis
base comprises a pyridine, tetra-hydro furan (thf), DMSO,
tetra-hydro-thiophene, a pyrrole, an imidazole, a thiazine, or
an azines such as pyrazine. In some embodiments, the
second vapor-phase reactant comprises a diamine or dithi-
one. In some embodiments, the second vapor-phase reactant
comprises a heterocyclic reactive compound. In some
embodiments, the heterocyclic compound comprises a thio-
carbonate, thiadiazole, or dioxane.

In some embodiments, the second vapor-phase reactant
comprises a planar compound such as BCl;, BF;, or AICI,.
In some embodiments the second vapor-phase reactant com-
prises a halide. In some embodiments, the second vapor-
phase reactant comprises more than two halides.

In some embodiments, the second vapor-phase reactant
comprises SO;, an alkyl isothiocyanate such as CH;NCS,
chloronitrile, COS, or CS,.

In some embodiments, second vapor-phase reactant is
capable of forming coordinated bonds to a metal atom that
has adsorbed to the substrate surface.

In some embodiments, the second vapor-phase reactant
does not comprise metal. In some embodiments the second
vapor-phase halide reactant is a carbon based halide. In
some embodiments the carbon based halide comprises CCl,
or CBr,.

In some embodiments, the etching cycle comprises expos-
ing the substrate to a first vapor-phase reactant and subse-
quently exposing the substrate to a second vapor-phase
reactant, wherein the substrate is not contacted with a
plasma reactant during the etching cycle. In some embodi-
ments, the first vapor-phase reactant comprises CSe,. In
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some embodiments, the first vapor-phase reactant comprises
compounds with S—R—S structure in which R can be
carbon or any hydrocarbon, such as C2-C8. In some embodi-
ments, the first vapor-phase reactant comprises CS,. In some
embodiments, CS, takes part in in-situ formation of
etchants. In some embodiments the second vapor-phase
reactant comprises TEA or TMA.

In some embodiments a process for etching a thin film on
a substrate in a reaction chamber comprises sequentially
exposing the substrate to a vapor-phase halide reactant,
wherein the vapor-phase halide reactant is not an alkylhalide
comprising hydrogen, and wherein the process is not self-
limiting.

In some embodiments the temperature of the substrate
during the etching cycle is 300 to 500° C.

In some embodiments a method for etching a film on a
substrate surface comprises exposing the substrate surface to
a first vapor-phase halide reactant comprising a first halide
ligand to form first reactant species on the substrate surface,
wherein the first vapor-phase halide reactant does not com-
prise hydrogen. The substrate may be subsequently exposed
to a second vapor-phase halide reactant comprising a second
halide ligand such that the second vapor-phase halide reac-
tant converts the first reactant species to vapor phase reac-
tion products, wherein the second vapor-phase halide reac-
tant does not comprise hydrogen. In some embodiments the
formation of the first reactant species and/or the conversion
of the second vapor-phase halide reactant to vapor phase
reaction products are not self-limiting. In some embodi-
ments the substrate is not exposed to a plasma reactant
during the etching cycle. In some embodiments the substrate
is exposed to a third vapor phase reactant that is different
from the first and second vapor-phase reactants in one or
more etch cycles.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flow chart generally illustrating a method for
thermal atomic layer etching in accordance with some
embodiments.

FIG. 2 is a flow chart generally illustrating a method for
thermal atomic layer etching using chloride reactants in
accordance with some embodiments.

FIG. 3 is a flow chart generally illustrating a method for
thermal atomic layer etching using NbF5 and CCl, as reac-
tants in accordance with some embodiments.

FIG. 4 is a flow chart generally illustrating a method for
thermal atomic layer etching using a first halide reactant and
a second organic reactant in accordance with some embodi-
ments.

FIG. 5 is a flow chart generally illustrating a method for
thermal atomic layer etching using a first halide reactant and
a second adduct forming reactant in accordance with some
embodiments.

FIG. 6 is a graph showing the differences in mass,
thickness, and sheet resistance of SiO,, TiN, AIN, TiO,, SiN,
TaN, ZrO,, and Al,O; films after ALE processing using
NbF and CCl, as reactants.

FIG. 7 is a graph showing the weight and sheet resistance
of substrates comprising TiN and TaN films after varying
numbers of ALE cycles using NbF, and CCl, as reactants.

FIG. 8 is a graph showing the removed mass for AIN, TiN,
HFO,, and TaN films after ALE processing using a variety
of reactants and etching temperatures in accordance with
some embodiments.

FIG. 9 is a graph showing the removed mass for TiN, AIN,
AlOx, HfOx, TaN, SiN, and thermal oxide films after ALE
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processing using a variety of etch reactants and etching
temperatures in accordance with some embodiments.

DETAILED DESCRIPTION

A sub-monolayer or more of material can be removed
from a substrate by atomic layer etching (ALE) processes
comprising alternately contacting the substrate surface in a
reaction space with first and second vapor-phase reactants.
In some embodiments of ALE-type processes, one or more
etch cycles are provided comprising a saturative, self-lim-
iting adsorption step in which the substrate is contacted with
a first vapor-phase reactant followed by a second exposure
step in which the substrate is contacted with a second
vapor-phase reactant. In the first adsorption step the first
reactant adsorbs, typically in a self-limiting manner, to the
material to be etched on the substrate surface. The second
exposure step then leads to the formation of volatile by-
products that contain the adsorbate atoms, atoms of the
second reactant and some atoms from the surface being
etched. In this way the etching of the desired material on the
substrate surface can be carefully controlled. In some
embodiments the second reactant forms volatile adducts that
include atoms from the surface being etched.

An adduct can be considered, for example, as a chemical
species AB, each chemical or molecular entity of which is
formed by direct combination of two separate chemical or
molecular entities A and B in a way that there is change in
the way the chemical or molecular entities connect, but no
loss of atoms within the chemical entities A and B.

In some embodiments surface contaminations may be
removed from a substrate surface, such as B or C contami-
nation. In this context contaminations can be any unwanted
atoms on the surface or film, for example metal contami-
nants, S, O etc. In some embodiments contaminations may
be removed from a substrate surface or from the film itself
during deposition step by additional selective etching step
added every nth cycle of deposition cycles.

In some embodiments, the target material to be etched
comprises a metal, such as Ti, Ta, Al, Zr or Hf, W. In some
embodiments, the material to be etched comprises one or
more of W, TiN, TiO,, TaN, SiN, SiO,, AlO,, AlO,, Al,O,,
71O, 7r0,, WO,, AIN, HfO_ and HfO,. In some embodi-
ments, the material to be etched comprises metal nitride or
metal oxide or mixtures thereof. In some embodiments the
material to be etched may comprise Si, Ge, a-C, graphene,
polymers, SiO_, metals, including Pt, Fe, Cu, Au, and Zn in
addition to the metals provided above.

In some embodiments, gas phase reactions are avoided by
feeding the reactants alternately and sequentially into the
reaction chamber. Vapor phase reactants are separated from
each other in the reaction chamber. In some embodiments
this may be accomplished, for example by removing excess
reactants and/or reaction by-products from the reaction
chamber between reactant pulses. In some embodiments the
reactants may be removed from proximity with the substrate
surface with the aid of a purge gas and/or vacuum. In some
embodiments excess reactants and/or reactant byproducts
are removed from the reaction space by purging, for
example with an inert gas. In some embodiments purging
comprises exposing the substrate surface to a purge gas,
such as an inert gas. Because of the separation of reactants
and the self-limiting nature of the reactions, less than a
monolayer of material is typically removed in each ALE
etch cycle. However, in some embodiments more than one
monolayer may be removed in each cycle. In some embodi-
ments the reactions may not be self-limiting or saturating. In
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some embodiments, at least one of the phases, such as in
exposure to a first vapor phase reactant, second vapor phase
reactant or the reactants in the additional phases, the reac-
tion, such as etching reactions, are not self-limiting or
saturating. In some embodiments pulses of reactants may
partially or completely overlap. For example, in some
embodiments one reactant may flow continuously into the
reaction space while one or more additional reactants are
provided intermittently, at desired intervals.

The ALE methods disclosed herein are thermal etching
processes, as opposed to plasma etching processes. Thus,
plasma reactants are not used in the ALE etch cycles. While
referred to as thermal ALE processes to differentiate pro-
cesses that use plasma reactants, in some embodiments, the
ALE reactions may have zero activation energy and there-
fore may not require any additional thermal energy. Thus the
reactions may also be referred to as chemical etching pro-
cesses herein. Thermal ALE methods can be more desirable
in some situations than plasma ALE methods because ther-
mal ALE methods can be less damaging to the underlying
substrate. Also, thermal ALE methods allows for isotropic
etching of non-line of sight (NLOS) features.

The ALE processes disclosed herein utilize particular
reactants or combinations of reactants that have been found
to allow for controlled etching in the absence of the use of
plasma. In some embodiments, metal halides, such as tran-
sition metal halides, for example halides such as chlorides,
fluorides, bromides or iodides of group 5 or 6 transition
metal halides, are used as a first reactant and are contacted
to the substrate in a first self-limiting adsorption step. The
metal in the first reactant may be, for example, Nb, Ta, Mo,
Sn, V, Re, Te, or W. In some embodiments, the metal halide
first reactant is a metal chloride, such as NbCls, SnCl,,
TaCls, MoCl, where x is from about 3 to 5, or WCl where
x is from about 4 to 6. In some embodiments, the metal
halide first reactant is a metal fluoride, such as NbFs, TaFs,
WF,, VF5, ReFg, ReF,, or MoF,. In some embodiments, a
non-metal or semi-metal fluoride like TeFy, SbF, or AsFs
can be used as first reactant. In some embodiments, the metal
halide may be a metal bromide or metal iodide, such as
SnBr,, Snl,.

In some embodiments, the first reactant may comprise a
halide that is not a metal halide.

In some embodiments, the first reactant may comprise an
organic halide compound. For example, in some embodi-
ments, the first reactant may comprise an alkyl halide
compound. In some embodiments, the first reactant may
comprise an aromatic, saturated, or unsaturated aliphatic
alkyl halide compound comprising two or more carbon
atoms. In some embodiments, the first reactant may com-
prise a substituted alkyl halide, for example in some embodi-
ments, the first reactant may comprise tert-butyl chloride,
1,1-dichloroethane, 1,2-dichloroethane, or trichloroethane,
trifluoroethanol, trifluoroisopropanol. In some embodi-
ments, the first reactant may comprise an aromatic, satu-
rated, or unsaturated aliphatic alkene halide compound. For
example, in some embodiments, the first reactant may
comprise a substituted vinyl halide, or an allyl halide.

In some embodiments, the first reactant may comprise
organic oxyhalide. In some embodiments, the first reactant
may comprise an acyl halide compound, such as an aro-
matic, saturated, or unsaturated aliphatic acyl halide com-
pound, including di, and tri acyl halides. For example, in
some embodiments, the first reactant may comprise fumaryl
chloride, malonyl chloride, succinyl, or oxalyl halide. In
some embodiments, the first reactant may comprise
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terephthaloyl chloride. In some embodiments, the first reac-
tant may comprise 1,3,5-Benzenetricarbonyl trichloride.

In some embodiments, the first reactant may comprise a
sulfonyl halide, such as an aromatic, saturated, or unsatu-
rated aliphatic sulfonyl halide. In some embodiments, the
first reactant may comprise, for example, ethanesulfonyl
fluoride (C,H,FO,S), methanesulfonyl chloride
(CH,CIO,S), methanesulfonyl fluoride (CH,FO,S), phenyl-
sulfonyl fluoride (PhFO,S), pyridinesulfonyl fluoride
(CsH,FNO,S), thiophenesulfonyl fluoride (C,H,FO,S,),
cyanomethanesulfonyl chloride (C,H,CINO,S), chlo-
romethanesulfonyl chloride (CICH,SO,Cl), or trifluo-
romethanesulfonyl chloride (CF;SO,Cl) etc. In some
embodiments, the first reactant may comprise a sulfenyl
halide compound or selenenyl halide compound. For
example, in some embodiments, the first reactant may
comprise trichloromethanesulfenyl chloride (CCl;SCl), or
chlorocarbonylsulfenyl chloride (CICOSCl). In some
embodiments, the first reactant may comprise a compound
having the formula PhSeCl, wherein Ph is a phenyl group.
In some embodiments, the first reactant may comprise a
compound having the formula RSeX, wherein R is an alkyl
ligand and X is a halide.

In some embodiments, the first reactant may comprise
sulfur, carbon, and one or more halide atoms, such as
thiophosgene (CSCl,).

In some embodiments, the first reactant may comprise
sulfur, phosphorous, and one or more halide atoms, such as
thiophosphoryl chloride (PSCl;) and thiophosphoryl fluo-
ride (PSF;).

In some embodiments, the first reactant may comprise
phosphorous and one or more halide atoms.

In some embodiments, the first reactant may comprise
sulfur, nitrogen and one or more halide atoms, such as
thiazyl chloride, thiazyl fluoride, thiazyl trifluoride (NSF).

In some embodiments, the first reactant may comprise
phosphorous, oxygen and one or more halide atoms, such as
phosphoryl chloride (POCL,).

In some embodiments, the first reactant may comprise a
ligand, phosphorous, oxygen and one or more halides. In
some embodiments the first reactant may have the general
formula ligand-POX,. Exemplary ligands include dialkyl
amido (e.g. N,N-dimethylphosphoramic dichloride), phenyl
(e.g. phenylphosphoryl dichloride) and alkyl (e.g. tert-bu-
tylphosphonyl dichloride and methylphosphonyl dichlo-
ride).

In some embodiments, the first reactant may comprise a
ligand, phosphorus and one or more halides. In some
embodiments the first reactant may have the general formula
ligand-PX,, wherein X is halide including not just chlorine
and fluorine. For example, the first reactant may comprise
dimethylphosphoramidous dichloride.

In some embodiments, the first reactant may comprise
sulfur and carbon. In some embodiments, the first reactant
may comprise an S—R—S structure in which R can be
carbon or any hydrocarbon, such as C2-C8 hydrocarbon. For
example, in some embodiments the first reactant may com-
prise carbon disulfide (CS,) or carbon diselenide (CSe,). In
some embodiments the first reactant may form adducts with
transition metals incorporated in the substrates.

In some embodiments, the first reactant may comprise a
compound comprising oxygen and sulfur and a halide and
hydrogen or a hydrocarbon group, such as alkyl group.

In some embodiments, the first reactant may comprise a
sulfinyl halide, such as an aromatic or aliphatic or substi-
tuted aromatic or substituted aliphatic, saturated, or unsatu-
rated sulfinyl halide. In some embodiments, the first reactant
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may comprise, for example, trichloromethanesulfinyl chlo-
ride, trifluoromethanesulfinyl fluoride, trifluoromethane-
sulfinyl chloride, tert-butylsulfinyl chloride.

In some embodiments, the first reactant may comprise a
sulfonic acid halide compound such as an aromatic or
aliphatic or substituted aromatic or substituted aliphatic,
saturated, or unsaturated sulfonic acid halide. For example,
in some embodiments, the first reactant may comprise
fluorosulfonic acid (FSO,H) and/or trifluoromethanesulfo-
nic acid (CF;SO;H).

In some embodiments, the first reactant may comprise a
sulfonate compound, such as an aromatic or aliphatic or
substituted aromatic or substituted aliphatic, saturated, or
unsaturated sulfonate halide. For example, in some embodi-
ments, the first reactant may comprise trimethylsilyl trifluo-
romethanesulfonate (C,HoF;0,SS1) and trifluoromethy] tri-
fluoromethanesulfonate (CF;SO;CF;).

In some embodiments, the first reactant may comprise a
substituted sulfur triflouride having the formula A-SF;,
wherein A can be dimethylsulfide, diethylsulfide, benzene,
alkyl group, pyridine, thiophene, cyclopropane, or aminato
groups including methylmethanaminato in trifluoro(N-
methylmethanaminato)sulfur.

In some embodiments, the first reactant may comprise a
sulfurane compound having the formula X—O—SF,
wherein X is an alkyl ligand, an aromatic ligand or a halide
andy is from 1 to 5. For example, in some embodiments, the
reactant may comprise 1-chloro 2-(pentafluorosulfurany-
loxy)ethane (SF;OC,H,Cl).

In some embodiments, the first reactant may comprise
sulfur, oxygen and a halide, such as chlorine or fluorine, and
a hydrocarbon and may include cyclic alkyl group, for
example a cyclopropyl group e.g. cyclopropylthionylchlo-
ride.

In some embodiments, the first reactant may comprise a
reactant with general formula Ligand-CCl;. In some
embodiments, the first reactant may comprise nitrogen, a
halide, carbon and oxygen. For example, the reactant may
comprise trichloronitromethane (CCI;NO,) or trichloro-
acetyl isocyanate (C1;CCONCO).

In some embodiments, the first reactant may comprise
hydrogen, halide, carbon and oxygen. In some embodi-
ments, the first reactant may comprise, for example, an alkyl
chloroformate such as ethyl chloroformate, methyl chloro-
formate, propyl chloroformate, chloromethyl chloroformate,
or 2,2,2-trichloroethoxycarbonyl chloride.

In some embodiments, the first reactant may comprise
nitrogen, hydrogen, halide, carbon and oxygen. In some
embodiments, the first reactant may comprise, for example,
trichloroacetamide or substituted trichloroacetamide (O-Al-
Iyl 2,2,2-trichloroacetimidate).

In some embodiments, the first reactant may comprise
nitrogen, halide, and carbon. In some embodiments, the first
reactant may comprise, for example, trichloroacetonitrile.

In some embodiments, the first reactant may comprise
nitrogen, carbon, sulfur, a halide and oxygen.

In some embodiments, the first reactant may comprise
carbon, sulfur, a halide, hydrogen and oxygen.

In some embodiments, the first reactant may comprise
nitrogen, carbon, sulfur, a halide, hydrogen and oxygen. In
some embodiments, the first reactant may comprise chloro-
sulfonyl isocyanate, chloromethyl chlorosulfate, or N,N-
dimethylsulfamoyl chloride.

In some embodiments, the first reactant may comprise a
halogen and succinimide group. In some embodiments, for
example, the first reactant may comprise N-Chlorosuccin-
imide, N-Bromosuccinimide.
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In some embodiments, the first reactant may comprise
boron, a halide and hydrogen. In some embodiments, the
first reactant may comprise boron, fluorine and hydrogen. In
some embodiments, the first reactant may comprise HBF,,
for example. In some embodiments HBF, is used as a
complex compound, when the first reactant is not in vapor-
ized form in the reactant source vessel.

In some embodiments, the first reactant may comprise a
boron trihalide in a stabilizer, wherein the stabilizer may be,
for example and without limitation, alkylamine, alkylnitrile,
water, or dimethylsulfide, or other compound that may form
either volatile complexes or adducts with boron trihalides. In
some embodiments, the first reactant may comprise, for
example, a boron trifluoride ethylamine complex.

In some embodiments, the first reactant may comprise a
boron halide of general formulae BX Y ,, wherein ‘a’ and ‘b’
can be greater than or equal to zero, or greater than or equal
to one, and wherein X and Y can be halide, including
fluorine, chlorine and bromine and iodine. The first reactant
may be stabilized in an organic stabilizer containing at least
one carbon, oxygen or hydrogen, including, for example,
ethanol, diethyl ether, dimethyl ether, dimethylsulfide.

In some embodiments, the first reactant may comprise a
tetrafluoroboric acid diethyl ether complex. In some
embodiments, the first reactant may comprise, for example,
trifluoride dihydrate. In some embodiments, the first reactant
may comprise, for example, Boron trifluoride tetrahydro-
furan complex.

In some embodiments, the first reactant flows continu-
ously during the etch cycles or in a cyclic fashion into the
reactor.

In some embodiments, the first reactant may comprise
antimony and a halide, such as fluorine. In some embodi-
ments, the first reactant may comprise antimony, fluorine
and hydrogen. In some embodiments, the first reactant may
comprise antimony, fluorine, oxygen and nitrogen. In some
embodiments, the first reactant may comprise antimony,
fluorine and oxygen. In some embodiments, the first reactant
may comprise antimony, fluorine and at least one ligand
other than antimony or fluorine. In some embodiments, the
first reactant may comprise a fluoroantimonic salt com-
pound. For example, in some embodiments, the first reactant
may comprise hexafluoro antimonic acid (HSbF), nitro-
nium  hexafluoroantimonate ~ NO,SbF,,  nitrosonium
hexafluoroantimonate (NOSbF), or hexafluoroantimonic
acid hydrate (HSbF4.6H,0).

In some embodiments, the first reactant may comprise
phosphorus and oxygen. In some embodiments, the first
reactant may comprise phosphorus, oxygen and hydrogen.
In some embodiments, the first reactant may comprise
phosphorus, oxygen and a halide such as fluorine. In some
embodiments, the first reactant may comprise phosphorus,
oxygen and a hydrocarbon group, such as an alkyl group. In
some embodiments, the first reactant may comprise a phos-
phate compound. For example, in some embodiments, the
first reactant may comprise ammonium hexafluorophos-
phate.

In some embodiments, the first reactant may comprise a
compound having 4 or more halides, 5 or more halides, or
6 or more halides, wherein the halides can be, but are not
limited to, chlorine and/or fluorine. In some embodiments,
the first reactant may comprise a —CF; group. In some
embodiments, the first reactant may comprise a—CF; group
that may assist in selective etching. In some embodiments,
the first reactant may comprise a —CF; group and sulfur. In
some embodiments, the first reactant may comprise a —CF;
group, nitrogen and oxygen. In some embodiments, the first
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reactant may comprise a —CF; group, carbon, hydrogen and
oxygen, for example chlorodifluoroacetic acid. In some
embodiments, the first reactant may comprise a —CF; group
and a —NH, group. In some embodiments, the first reactant
may comprise a —CF, group, a —NH, group and either
oxygen or sulfur.

In some embodiments, the first reactant may comprise a
—CF; group, oxygen and nitrogen, and may be connected
via hydrocarbon chain, such as an alkyl chain. In some
embodiments, the first reactant may comprise 1 or more
CX,Y,— groups, wherein X and Y are halides and can be,
but are not limited to, fluorine and/or chlorine. In some
embodiments, the first reactant may also comprise carbon,
hydrogen and oxygen, for example chlorodifluoroacetic
anhydride. In some embodiments, the first reactant may
comprise HCI or HF, for example as a stabilizer, when the
first reactant is not in vaporized form in the reactant source
vessel. In some embodiments, the first reactant may com-
prise HCIl, which is supplied separately to the reaction
chamber.

In some embodiments, the first reactant may comprise
carbon and a halogen. In some embodiments, the first
reactant may comprise a compound of formula CX,)Y,,
wherein a and b can be greater than or equal to one, for
example, in some embodiments, a first reactant may com-
prise CCl;Br, CCL,Br,. In some embodiments, the first
reactant may comprise a compound of formula CHX)Y,,
wherein a and b can be greater than or equal to one, for
example in some embodiments, a first reactant may com-
prise CHCl1,Br, CHCl;, CHC1,Br or CHCIBr,.

In some embodiments, the first reactant may comprise a
compound of formula MO _X,Y,, wherein ¢ can be greater
than zero, and a and, or b can be greater than or equal to one
and can be greater than equal to zero, and M can be any
transition metal. For example in some embodiments, M can
be Rhenium, Niobium, tungsten, Titanium, vanadium, chro-
mium, and wherein X and Y can be halide different from
each other or X and Y can same halide. In some embodi-
ments, the first reactant may comprise a compound of
formula MoOF,,, ReOF,, WOF,, ReOF,, ReO,F,, ReO,Cl;,
NbOF,.

In some embodiments, the first reactant may comprise an
electronegative element, such as a halide such as fluorine or
chlorine, close to the or adjacent to the atom through which
the reactant bonds to the surface. For example, in some
embodiments, the first reactant may comprise hexafluoro-
acetylacetone (Hhfac) in which fluorine is close to the C—0O
group through which the hfac bonds to the surface.

In some embodiments, the first reactant may comprise a
halo-halogen compound having the general formula XY,
wherein X and Y can be chlorine or fluorine or bromine or
iodine, a and b are the stoichiometric coefficients, where
each of a and b can be greater than or equal to 1. In some
embodiments, the first reactant may comprise CIF, BrCl,
CIF;, BrF,, CIF,, BrF,, IF,, IF, ICl;, ICL; or ICI. In some
embodiments, the first reactant may comprise a halogen and
oxygen. In some embodiments, the first reactant may com-
prise an oxyhalide having general formulae O, X, or O, X,
Y.. In some embodiments, the first reactant may comprise
more than one halogen and more than one oxygen. In some
embodiments, the first reactant may comprise OF,, FCIO,,
or FClO,.

In some embodiments, the first reactant may comprise
halogen, nitrogen and sulfur. In some embodiments, the first
reactant may comprise, for example, thiazyl chloride
(NSCI). In some embodiments, the first reactant may com-
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prise a halogen, nitrogen, oxygen and sulfur. In some
embodiments, the first reactant may comprise, for example,
NSOCI.

In some embodiments, the first reactant may comprise a
halogen, phosphorous and oxygen. In some embodiments,
the first reactant may comprise, for example, POCI;.

In some embodiments, the first reactant may comprise a
substituted alkyl ammonium hydroxide compound, or an
alkyl amine compound. In some embodiments an alkyl
ammonium halide or hydroxide compound is formed on the
surface. For example, in some embodiments, the first reac-
tant may comprise or form on the surface such as tetram-
ethylammonium hydroxide, or tetramethylamine. In some
embodiments, the first reactant may comprise a secondary or
tertiary alkylamine.

In some embodiments, the first reactant may comprise a
boron halide compound comprising an organic ligand. For
example, in some embodiments, the first reactant may
comprise a compound having the formula BX, L, ,, wherein
L is an organic ligand, such as an acetylacetonato (acac)
ligand, X is a halide, and n is 1 or 2. In some embodiments,
the first reactant may comprise BF,acac.

In some embodiments, the first reactant may comprise
carbon, hydrogen, and, or tin. For example in some embodi-
ments, a first reactant may be comprise of a hexamethylditin.
In some embodiments, the first reactant may comprise
carbon, hydrogen, halide and tin. For example in some
embodiments, a first reactant may be comprise of a trim-
ethyltinbromide.

In some embodiments the first vapor-phase reactant com-
prises a first halide ligand and the second vapor-phase
reactant comprises a second halide ligand. In some embodi-
ments both the first and second vapor phase reactants
comprise Cl. In some embodiments the second halide ligand
is different from the first halide ligand.

In some embodiments the first vapor-phase halide reactant
may be inorganic. In some embodiments the first vapor-
phase halide reactant does not comprise carbon or both C
and H. In some embodiments the second vapor-phase reac-
tant may be inorganic. In some embodiments the second
vapor-phase reactant may not comprise carbon or both C and

In some embodiments the first vapor phase reactant and
second vapor phase reactant comprise the same number of
halide ligands. In some embodiments the first vapor phase
reactant and the second vapor phase reactant comprise a
different number of halides. In some embodiments the first
vapor phase reactant comprises one, two, three, four, five or
six halides, while the second vapor phase reactant separately
comprises one, two, three, four, five or six halides.

In some embodiments the first and second vapor phase
reactants both comprise the same halides. In some embodi-
ments the first and second vapor phase reactants comprise
different halides.

In some embodiments the first vapor-phase halide reactant
comprises one, two, three, four, five or six halides, which
may all be the same halide, or may differ, and the second
vapor-phase reactant comprises a different number of
halides from the first reactant. The halides in the second
reactant may be the same as or different from the halides in
the first reactant. In some embodiments the second vapor-
phase reactant may be selected from the reactants described
herein; that is, in some embodiments two (or more) different
reactants referred to as ‘first vapor-phase reactants’ can be
used in a deposition cycle as first and second reactants.

In some embodiments the first vapor-phase halide reactant
comprises from two to six halides (or halogen atoms), for
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example chlorides or fluorides, while the second vapor-
phase reactant comprises two to six halides (or halogen
atoms). In some embodiments the first vapor-phase halide
reactant comprises from three to five halides (or halogen
atoms), for example chlorides or fluorides, while the second
vapor-phase reactant comprises three to five halides (or
halogen atoms). The halides in the second vapor phase
reactant may be the same as or different from the halides in
the first vapor phase reactant.

In some embodiments both the first and second vapor-
phase halide reactants comprise from four to five halides (or
halogen atoms), for example chlorides or fluorides. The
halides in the second vapor phase reactant may be the same
as or different from the halide in the first vapor phase
reactant.

In some embodiments the first vapor-phase halide reactant
is a fluorinating or chlorinating agent while the second vapor
phase reactant is a chlorinating or fluorinating agent. In
some embodiments the first vapor phase halide reactant is a
fluorinating agent while the second vapor phase reactant is
a chlorinating agent. In some embodiments the first vapor
phase reactant is a chlorinating agent while the second vapor
phase reactant is a fluorinating agent.

In some embodiments the first vapor-phase halide reactant
comprises more than one, such as two or more, three or
more, four or more or five or more halides (or halogen
atoms), for example chlorides or fluorides, while the second
vapor-phase reactant comprises less than five, less than four,
less than three or less than two halides (or halogen atoms).
The halides in the second vapor phase reactant may be the
same as or different from the halides in the first vapor phase
reactant.

In some embodiments the first vapor-phase halide reactant
comprises from four to five halides (or halogen atoms), for
example chlorides or fluorides, while the second vapor-
phase reactant comprises less than five, less than four, less
than three or less than two halides (or halogen atoms). The
halides in the second vapor phase reactant may be the same
as or different from the halides in the first vapor phase
reactant.

In some embodiments the second vapor-phase halide
reactant comprises more than one, such as two or more, three
or more, four or more or five or more halides (or halogen
atoms), for example chlorides or fluorides, while the first
vapor-phase reactant comprises less than five, less than four,
less than three or less than two halides (or halogen atoms).
The halides in the second vapor phase reactant may be the
same as or different from the halides in the first vapor phase
reactant.

In some embodiments the second vapor-phase halide
reactant comprises from four to five halides (or halogen
atoms), for example chlorides or fluorides, while the first
vapor-phase reactant comprises less than five, less than four,
less than three or less than two halides (or halogen atoms).
The halides in the second vapor phase reactant may be the
same as or different from the halide in the first vapor phase
reactant.

In some embodiments, the first non-metal halide reactant
is a non-metal halide reactant with the formula Ligand-SX,
as well as Ligand-SX;, where X is a halide and S can be
sulfur and phosphor, Ligand can be dialkylether like dim-
ethylether, dialkylthioether like di-methylthioether, alky-
lamines like dimethylamine, benzene, alkyl, pyridine, thio-
phene, cyclopropane and n-haloiminosulfur etc. In some
embodiments, the first vapor-phase non-metal halide reac-
tant can be ftrifluoro(N-methylmethanaminato)sulfur. In
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some embodiments, the first vapor-phase non-metal halide
reactant is a N-Fluoroformyliminosulfur Difluoride
(SF2=NCOF).

In some embodiments, a halide reactant, such as fluoride,
chloride, bromide or iodide is used as the second reactant
that reacts with the adsorbed species to form volatile reac-
tion products that can be removed from the reaction space.
In some embodiments, the second reactant is a non-metal or
semi-metal halide. For example, in some embodiments, the
second reactant is carbon based halide. In some embodi-
ments, the second reactant may comprise, for example,
carbon based fluoride, bromide, iodide or chloride, for
example, CCl, or CBr,. In some embodiments, the second
reactant is a semimetal based halide, such as a Ge halide, for
example a semimetal chloride, like SbCl;, SbCls, SiCl,, or
GeCl,. In some embodiments, any of the reactants described
above with reference to the first reactant may be used as the
second reactant along with any of the above-described first
reactants. That is, any two of the above-described first
reactants may be used as a first reactant and a second
reactant. For simplicity reasons, carbon based halide, includ-
ing CCl,, is considered to be organic or alkylhalide.

In some embodiments, the second reactant may comprise
a compound capable of forming volatile adducts on a surface
or substrate that has been contacted with a first reactant as
described herein. The second reactant forms volatile adducts
with the species formed on the substrate surface by the first
reactant, and the adducts include one or more atoms from the
surface to be etched. The volatile adducts may then be
removed from the reaction space. For example, in some
embodiments, the second reactant may comprise a com-
pound capable of forming a volatile adduct on a contact with
surfaces such as —OH, —SH, —NH2, —NH terminated as
well as halidized surface, such as a chlorinated high-k
surface, or on an oxidized surface, or an amine coordinated
surface.

In some embodiments, the second reactant may comprise
a compound capable of forming a metal halide adducted
compound on a surface that has been contacted with a first
reactant as described herein.

In some embodiments, the second reactant may comprise
a compound capable of forming coordinated bonds to a
metal atom that has adsorbed to the substrate surface. For
example, diamines, dithiones, thiocarbonates, thiadiazoles
can form coordinated bonds to the metal atoms on the
surface.

In some embodiments, the second reactant may comprise
a Lewis base that will form volatile adducts on reaction with
metals on the surface to be etched, such as transition metals.
For example, in some embodiments, the second reactant
may comprise pyridine, tetrahydrofuran (THF), dimethyl
sulfoxide (DMSO), tetrahydrothiophene, or other Lewis
bases which may form volatile adducts on the surface. In
some embodiments, Lewis bases include alkyl or aryl or
substituted nitriles (cyanates) and isonitriles like methyl
nitrile, methy] isonitrile, NH; gas, alkyl or substituted iso-
thiocyanates, isocyanates, poly-ols (such as propane 1,2,3
ols), ethanolamine, sulfones (such as methylsulfonylmeth-
ane), PX; and trichloronitromethane.

In some embodiments where the material being etched
comprises a metal nitride, such as TiN or TaN, the second
reactant may comprise a Lewis acid. In some embodiments,
the Lewis acid is SO;. In some embodiments, the second
reactant may comprise planar compounds such as BCl;,
BF;, or AICL;, a compound having a conjugated electron
system, or a hypervalent molecule that will form adducts on
the surface to be etched.
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In some embodiments, the second reactant may comprise
a diamine or dithione compound that will form adducts on
the surface to be etched.

In some embodiments, the second reactant may comprise
an alkyl or aryl isocyanates, or their substituted forms that
can also form adducts on substrate surfaces to be etched,
such as surfaces comprising transition metals. In some
embodiments, the second reactant may comprise an alkyl or
aryl isothiocyanate, or their substituted form.

In some embodiments, the volatile adduct forming second
reactant may comprise alkyl or aryl poly-ols, for example
1,2,3, propane triol and ethane diol etc.

In some embodiments, adduct forming second reactant
may comprise —NH, and —OH functional groups, for
example ethanolamine.

In some embodiments, adduct forming second reactant
may comprise sulfur trioxide (SO;),

In some embodiments second reactant may comprise
sulfones like, for example, methylsulfonylmethane, which
can assist in forming volatile adducts.

In some embodiments, the second reactant may comprise
a heterocyclic reactive compound. In some embodiments,
the second reactant may comprise a heterocyclic reactive
compound containing more than equal to one Nitrogen
atoms. In some embodiments, the second reactant may
comprise a heterocyclic reactive compound containing more
than equal to one Sulfur atoms. In some embodiments, the
second reactant may comprise a heterocyclic reactive com-
pound containing more than equal to one Oxygen atoms. In
some embodiments, the second reactant may comprise a
heterocyclic reactive compound containing more than two
different atoms such as Oxygen, Boron, Nitrogen and Sulfur
atoms. For example, in some embodiments, the second
reactant may comprise a thiocarbonate compound, such as
ethylene trithiocarbonate or dimethyl trithiocarbonate. In
some embodiments, the second reactant may comprise a
thiadizole compound, such as dicholor-thiadiazole, for
example 3.4 dichloro-1,2,5 thiadiazole. In some embodi-
ments, the second reactant may comprise a dioxane com-
pound, such as 1,4-dioxane. In some embodiments, the
second reactant may comprise a substituted or unsubstituted
unsaturated cyclic compound comprising cyclohexadiene,
cyclopentadine, such as trans-tris(trimethylsilyl)cyclohexa-
diene and bis(trimethylsilyl)cyclohexadiene.

In some embodiments, the second reactant may comprise
a compound capable of forming an atrane compound when
contacting a surface that has been exposed to a first reactant
as described herein. For example, in some embodiments, the
second reactant may comprise TIPA, TIPEA, TMEA, tris
(2-aminoethyl)amine or triethanolamine (TEA), which may
form volatile adducts such as metal atrane compounds when
contacting a surface that has been exposed to a first reactant,
such as a first metal halide reactant, as described herein.

In some embodiments, a metal film, such as a transition
metal film is etched by an ALE process comprising exposing
the substrate to a first halide reactant, such as a metal halide
like NbCls, and a second volatile adduct-forming reactant,
such as CS,. In some embodiments, CS, can be used on a
halidized surface such as HfCl,, TiCl,, or TiONCI, to form
volatile products

The substrate surface to be etched is alternately contacted
with the first reactant and second reactant and volatile
adducts and reaction byproducts are removed, thereby etch-
ing the transition metal film. In one embodiment TiN can be
etched by an ALE process comprising alternately exposing
the substrate to chlorine containing compound such as
NbCly and adduct forming compound such as CS,.
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In some embodiments a metal surface such as an Fe, Co,
Ni, or Cu surface is halidized by exposure to a first halide
reactant. The surface is then exposed to a second reactant
that forms a volatile metal adduct and thereby etches the
surface.

In some embodiments a metal oxide film on a substrate is
etched by an ALE process comprising an etch cycle in which
the metal oxide film is alternately exposed to a first halide
reactant, such as a metal halide or CCl, and a second volatile
adduct forming reactant, such as CH,;CN, NH; or 14-
dioxane. In some embodiments Al,O,, HfO,, TiO, or other
metal oxide film on a substrate surface is etched by alternate
exposure to a first reactant comprising a metal halide or CCl,
and a second reactant comprising 1,4-dioxane.

In some embodiments, the second reactant, such as CCl,,
can be used alone, without a first reactant and can provide
the desired controlled etching with the desired etch selec-
tivity.

In some embodiments, the first reactant or the second
reactant can be used alone for the etching and can provide
the desired controlled etching with the desired etch selec-
tivity. Any by-products that are formed may be removed by
purging and/or by pumping.

In some embodiments the first reactant alone can be used
in cyclic pulsing fashion.

In some embodiments, a continuous flow of the first
reactant with flow rate modification, or “pulsing” of flow
rate, is used.

In some embodiments, the first and the second reactants
can be used interchangeably for the desired controlled
etching with the desired etch selectivity.

In some embodiments two or more compounds described
herein as first reactants can be used in cyclic fashion in an
atomic layer etching process. For example, in some embodi-
ments, the first reactant is NbF5 and the second reactant is
fumaryl chloride or malonyl or any acyl halide.

In some embodiments, the first reactant is NbF5 and the
second reactant is CCl,.

In some embodiments, the first reactant and the second
reactant comprise the same halide ligand. For example, the
first reactant may comprise a metal chloride, such as NbCls,
TaCl;, MoCl; or WCl, and the second reactant may also
comprise Cl, such as CCl,.

In some embodiments either or both of the first or second
reactant comprises a halide and does not contain hydrogen,
or comprises a halide and does not contain either oxygen or
hydrogen. In some embodiments either the first or second
reactant comprises a halide but does not contain hydrogen,
or comprise a halide but not contain either oxygen or
hydrogen. In some embodiments at least one of the first and
second reactants is not Sn(acac),. In some embodiments at
least one of the first and second reactants is not TMA. In
some embodiments at least one of the first and second
reactants is not HF gas. In some embodiments at least one
of' the first and second reactants is not HF-Pyridine. In some
embodiments the first and second reactants are not HF and
Sn(acac),. In some embodiments the first and second reac-
tants are not HF and SiCl,. In some embodiments, H is not
used. In some embodiments, TMA is not used. In some
embodiments Sn(acac), is not used.

In some embodiments, one or more additional reactants
may be utilized. In some embodiments, one or more reac-
tants may be used to improve or tune selective etching. The
additional reactants may be provided separately, or may be
combined with one or more reactants, such as with the
second reactant. In some embodiments, the additional reac-
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tant may be an oxygen source. For example, the additional
reactants may comprise, for example, water, oxygen or
ozone.

In some embodiments, water, oxygen and/or ozone is
combined with the second reactant. The ratio of water,
oxygen or ozone to the second reactant may be varied to tune
the reaction, for example to tune the selectivity of the etch
process or even to stop the etching by forming an etch-stop
layer.

In some embodiments, the additional reactant may com-
prise SO;, H,S, NH;, hydrazine, where a and b are greater
than zero. In some embodiments, the additional reactant may
be used in combination with other first and/or second
reactants.

In some embodiments, an additional reactant may be a
N,O gas. The additional reactant may be supplied addition-
ally from a separate source.

In some embodiments, an etch cycle additionally com-
prises a phase in which the substrate is exposed to a ligand
exchanger. In some embodiments, the ligand exchanger is
selected from Hacac TMA, Sn(acac),. In some embodi-
ments, the ligand exchanger may consists of vicinal ketone
groups for example hexafluoro acetylacetonato (Hhfac),
diacetyl, thd etc. In Some embodiments a ligand exchanger
consists of M(thd)x compound, wherein M is metal like
transition metals as well as alkaline earth metals and x can
be greater than 1 and in some cases greater than 2. In some
embodiments Metal ‘M’ can consists of at least one ‘thd’ and
or at least one ‘acac’ or both, for example Mg(thd)(acac) etc.

As mentioned above, in some embodiments the ALE
process is preferably a thermal process. Thus, in some
embodiments a plasma reactant is not used as a first or
second reactant. In some embodiments a plasma reactant is
not used in the ALE process.

In some embodiments for controlled etching, one or more
ALE cycles are carried out, with each cycle removing
material from the desired substrate surface. In some embodi-
ments, up to a monolayer of material is removed in each
ALE cycle, where the mass removed per cycle is about a
monolayer of volume, assuming density does not change. In
some embodiments, more than a monolayer per cycle is
removed. Each ALE cycle typically comprises at least two
distinct phases. The contacting of the substrate surface and
removal of a reactant from the substrate may be considered
a phase.

In a first phase, a vapor phase first reactant contacts the
substrate surface to be etched. In some embodiments, the
first reactant forms no more than about one monolayer of
adsorbed species. In particular, in some embodiments, the
first reactant reacts with accessible substrate molecules of
the material to be removed on the substrate surface to form
the adsorbed species.

The first phase is self-limiting in some embodiments. In
some instances it may be the case that limited availability of
substrate surface molecules to react with the vapor phase
first reactant species ensures that the reaction is essentially
self-limiting. In addition, the formed reaction layer itself can
introduce self-limiting behavior.

In some embodiments, excess first vapor phase reactant
and any reaction byproducts are removed from the proximity
of the substrate surface. The first vapor phase reactant and
any reaction byproducts may be removed from proximity of
the substrate surface with the aid of a purge gas and/or
vacuum. In some embodiments, excess reactant and/or reac-
tant byproducts are removed from the reaction space by
purging, for example with an inert gas. In some embodi-
ments, the substrate may be moved in order to facilitate
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removal of the reactant and/or reactant byproducts from the
vicinity of the substrate, for example by moving the sub-
strate to a different reaction chamber.

In a second phase, a second vapor phase halide reactant
contacts the substrate and may convert adsorbed species to
vapor phase reaction products. The reaction products
include atoms of the original material, thus etching the
material. In some embodiments, the second reactant com-
prises the same halide as the first reactant. In some embodi-
ments, the second reactant does not comprise a reactive
species. Excess second reactant and vapor phase reaction
products are removed from the substrate surface, for
example with the aid of vacuum and/or a purge gas. In some
embodiments, excess second reactant and reaction byprod-
ucts are removed from the reaction space by purging, for
example with an inert gas. In some embodiments, the
substrate may be moved in order to facilitate removal of the
reactant and/or reaction byproducts from the vicinity of the
substrate, for example by moving the substrate to a different
reaction chamber.

Additional phases may be added and phases may be
removed as desired to adjust the etch rate and/or to influence
one or more properties of the remaining film after etching
film, such as tune the resistivity, for example decrease or
increase the resistivity on post etching by factor or 1% or
more than 5% or more than 20% or more than 50% or more
than 100%, modify optical properties for example decrease
or increase the optical parameters like (n,k) on post etching
by factor or 1% or more than 5% or more than 20% or more
than 50% or more than 100%, modify the film roughness for
example decrease or increase the roughness on post etching
by factor or 1% or more than 5% or more than 20% or more
than 50% or more than 100%, and improve the selectivity of
etching for example decrease or increase the selectivity on
post etching by factor or 1% or more than 5% or more than
20% or more than 50% or more than 100%. In some
embodiments, the second reactant, such as CCl,, can be used
alone, without a first reactant and can provide the desired
controlled etching with the desired etch selectivity. In some
embodiments, one or more additional reactants may be
provided in a separate phase, such as an oxygen reactant like
oxygen, water or ozone.

In some embodiments, a third phase is added by depos-
iting a third vapor-phase reactant. The third phase may then
be removed to adjust the etch rate and/or to influence the
etched material. A fourth phase is added by depositing a
fourth vapor-phase reactant. And additional phases are
added by depositing additional vapor-phase reactants.

One or more of the reactants may be provided with the aid
of a carrier gas, such as Ar or He. In some embodiments, the
first reactant and the second reactant are provided with the
aid of a carrier gas. In some embodiments, the carrier gas
may flow continuously throughout the process. In some
embodiments, the carrier gas may also serve as a purge gas.

The first and second phases together form an ALE etching
cycle that controllably removes material from the substrate
surface. The ALE etching cycle may be repeated two or
more times to etch the material on the substrate surface to a
desired degree. In some embodiments, the ALE etching
cycle is repeated 10, 20, 50, 100, 200, 400, 600, 800, 1000
or more times to remove the desired amount of material.

In some embodiments, two of the phases may overlap, or
be combined. For example, the first reactant and the second
reactant may contact the substrate simultaneously in phases
that partially or completely overlap. In addition, although
referred to as the first and second phases, and the first and
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second reactants, the order of the phases may be varied, and
an ALE cycle may begin with any one of the phases.

Due to the use of vapor phase reactants, the conformality
of the etching process is very good, and material can be
removed evenly from all surfaces of a three-dimensional
structure. In some embodiments, the conformality of etching
vertically is greater than about 90% and the conformality of
etching horizontally is greater than about 92%. In some
embodiments conformality of etching in vertical openings is
about 50% or greater, about 75% or greater, about 85% or
greater, about 90% or greater, about 95% or greater, about
98% or greater, about 99% or greater, and even up to about
100%. In some embodiments conformality of etching in
openings extending horizontally (for example from vertical
openings), is about 50% or greater, about 75% or greater,
about 85% or greater, about 90% or greater, about 95% or
greater, about 98% or greater, about 99% or greater, and
even up to about 100%. In some embodiments, the process
comprises more than two phase, more than three phases or
more than four phases or more than five phases applied in
cyclic manner.

In some embodiments, the substrate comprising a material
to be etched, such as a semiconductor workpiece, is loaded
into a reaction space or reactor. The reactor may be part of
a cluster tool in which a variety of different processes in the
formation of an integrated circuit are carried out. In some
embodiments, a flow-type reactor is utilized. In some
embodiments, a shower head type of reactor is utilized. In
some embodiments, a space divided reactor is utilized. In
some embodiments, a high-volume manufacturing-capable
single wafer atomic layer deposition reactor is used. In other
embodiments a batch reactor comprising multiple substrates
is used.

Examples of suitable reactors that may be used include
commercially available equipment such as the F-120® reac-
tor, F-450® reactor, Pulsar® reactors—such as the Pulsar®
2000 and the Pulsar® 3000—EmerALD® reactor and
Advance® 400 Series reactors, available from ASM
America, Inc of Phoenix, Ariz. and ASM Europe B.V,
Almere, Netherlands. Other commercially available reactors
include those from ASM Japan K.K (Tokyo, Japan) under
the tradename Eagle® XP and XPS8. In some embodiments,
the reactor is an etch reactor.

In some embodiments, if necessary, the exposed surfaces
of the workpiece can be pretreated to provide reactive sites
to react with the first phase of the ALE process. In some
embodiments, a separate pretreatment step is not required. In
some embodiments, the substrate is pretreated to provide a
desired surface termination. In some embodiments, the
substrate is pretreated with plasma.

The reactants, such as the first reactant and second reac-
tant, are supplied to the reaction space in gaseous form. The
first reactant and second reactant gas are considered “vola-
tile” for purposes of the present description if the species
exhibits sufficient vapor pressure under the process condi-
tions to transport the species to the workpiece in sufficient
concentration to saturate exposed surfaces.

In some embodiments, a reactant is pulsed into the
reaction chamber containing the substrate with the surface to
be etched for about 0.01 to about 60 seconds, about 0.05 to
about 30 seconds, about 0.05 seconds to about 5.0 seconds,
about 0.1 seconds to about 3 seconds or about 0.2 seconds
to about 1.0 seconds. In some embodiments, the pulse time
may be greater than 60 seconds, for example up to 120
seconds or more. In some embodiments, the reactant con-
tacts the substrate surface to be etched for about 0.01 to
about 60 seconds, about 0.05 to about 30 seconds, about 0.05
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seconds to about 5.0 seconds, about 0.1 seconds to about 3
seconds or about 0.2 seconds to about 1.0 seconds. In some
embodiments, the pulse time may be greater than 60 sec-
onds, for example up to 120 seconds. The optimum time can
be readily determined by the skilled artisan based on the
particular circumstances.

As mentioned above, after sufficient time for about a
molecular layer to react with the material to be removed on
the substrate surface and form the adsorbed species, excess
first reactant, and reaction byproducts, if any, are removed
from the substrate surface. In some embodiments removing
excess reactant and reaction byproducts, if any, may com-
prise purging the reaction chamber. In some embodiments,
the reaction chamber may be purged by stopping the flow of
the first reactant while continuing to flow a carrier gas or
purge gas for a sufficient time to diffuse or purge excess
reactants and reactant by-products, if any, from the reaction
space. Reaction by-products may comprise, for example,
oxyhalides. In some embodiments, the excess first reactant
is purged with the aid of inert gas, such as helium or argon,
which is flowing throughout the ALE cycle. In some
embodiments, the substrate may be moved from the reaction
space containing the first reactant to a second, different
reaction space. In some embodiments, the first reactant is
removed for about 0.01 to about 60 seconds, 0.05 to about
30 seconds, about 0.1 seconds to about 10 seconds, about 0.3
seconds to about 5 seconds or about 0.3 seconds to about 1
second. In some embodiments it may be 60 seconds or more.

In the second phase, the second reactant, such as CCl,, is
provided to the workpiece. Typically the second reactant is
pulsed into the reaction chamber containing the substrate
with the surface to be etched for about 0.01 to about 60
seconds, about 0.05 to about 30 seconds, about 0.05 seconds
to about 5.0 seconds, about 0.1 seconds to about 3 seconds
or about 0.2 seconds to about 1.0 seconds. In some embodi-
ments, the second reactant contacts the substrate surface to
be etched for about 0.05 seconds to about 5.0 seconds, about
0.1 seconds to about 3 seconds or about 0.2 seconds to about
1.0 seconds. In some embodiments, the pulse may be greater
than about 60 seconds. However, depending on the reactor
type, material being etched and other process conditions,
such as surface area and temperature, the second reactant
contacting time may be even higher than about 10 seconds.
In some embodiments, contacting times can be on the order
of minutes. The optimum contacting time can be readily
determined by the skilled artisan based on the particular
circumstances.

The second reactant reacts with the adsorbed species to
form vapor phase reaction by-products that include atoms of
the material being etched. Excess second reactant and the
vapor phase reaction by-products are removed from the
reaction chamber. In some embodiments removing excess
reactant and reaction byproducts may comprise purging the
reaction chamber. In some embodiments, the reaction cham-
ber may be purged by stopping the flow of the second
reactant while continuing to flow a carrier gas or purge gas
for a sufficient time to diffuse or purge excess reactants and
reactant by-products, from the reaction space. In some
embodiments, the excess second reactant and reaction by-
products are purged with the aid of inert gas, such as helium
or argon. In some embodiments, the substrate may be moved
from the reaction space containing the second reactant to a
different reaction space. The pulse of purge gas may, in some
embodiments, be from about 0.1 seconds to about 10 sec-
onds, about 0.1 seconds to about 4 seconds or about 0.1
seconds to about 0.5 seconds.
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According to some embodiments, the ALE cycles may be
performed at temperatures ranging from about 20 to about
1200° C., about 50 to about 800° C., about 75 to about 600°
C., about 300° C. to about 500° C., or from about 350° C.
to about 450° C. In some embodiments, the temperature is
greater than about 20, 50 or 100° C., but less than about
1000, 800, 600 or 500° C. In some embodiments, the cycles
are carried out at a temperature of about 450° C.

The pressure in the reaction chamber is typically from
about 10E-9 torr to about 760 torr, or about 0.001 to about
100 torr. However, in some cases the pressure will be higher
or lower than this range, as can be determined by the skilled
artisan given the particular circumstances. In some cases the
reactor can be operated either in isothermal (such as hot-
wall) or non-isothermal (such as cold-wall) conditions. In
some cases reactor does not interact with etching chemistries
and may also not interact with substrates. In some cases
reactor can be hot-wall, cold and even warm-wall type of
reaction chamber.

The substrate comprising a material to be etched, also
referred to as target material, can take a variety of forms. In
some embodiments, the substrate may be an integrated
circuit workpiece or other substrate. The target material to be
etched may comprise a thin film on the substrate surface. In
some embodiments, the target material is a thin film on a
three-dimensional structure on a substrate. The substrate
comprising a thin film or other material to be etched may
comprise various types of other materials. For example, in
some embodiments, the substrate may comprise silicon in
addition to a material that is targeted by the etching process.
In some embodiments, the etch process is selective relative
to other materials on the substrate or in the reaction chamber.
In some embodiments either first reactant alone, or second
reactant alone, or first as well as second reactant is supplied
in a cyclic fashion to improve the selectivity.

In some embodiments, the target material to be etched
comprises a metal, such as Jr, Ru, Rh, Mo, Cu, Sh, Al, Ti,
Co, Ni, Ta, Al, Zr, Hf, or W. In some embodiments, the
material to be etched comprises one or more of W, WO,
AIN, TiN, TiO,, GaN, MoN, CoP, TaN, SiN, SiO,, AlO,,
AlO,, AL, O,, 71O, 7ZrO,, and HfO,, for example HfO,. In
some embodiments, the material to be etched comprises
metal nitride or metal oxide or mixtures thereof.

In some embodiments, a thin film comprising one or more
of W, TiN, TiO,, TaN, SiN, SiOy, AlO,, AlO,, Al,0;, ZrO,,
Zr0,, WO,, AIN, HfO, and HfO, is etched by an ALE
process comprising alternately and sequentially contacting a
substrate comprising the thin film with NbF5 and CCl,. In
some embodiments, a thin film comprising one or more of
W, TiN, TiO,, TaN, SiN, SiO,, AlO,, AlO,, Al,O;, ZrO,,
Zr0,, WO,, AIN, HfO, and HfO, is etched by an ALE
process comprising alternately and sequentially contacting a
substrate comprising the thin film with a first reactant and a
second reactant, wherein the first reactant and the second
reactant comprise the same halide.

In some embodiments, the ALE process has an average
etch rate of about 0.01 to about 5 A/cycle. Etch rate is
defined as amount of material or thickness of film is
removed after each cycle, for practical reasons it can be
calculated after 1 etching cycles or more than 2 etching
cycles or more than 5 or even higher than 20 or sometimes
higher than 50 cycles. In some embodiments, the average
etch rate is about 0.01 to 0.1 A/cycle or from 0.1 to about 2
Alcycle or in some cases even higher than 2 A/cycle. In
some embodiments, the average etch rate is more than about
0.1 A/cycle, more than about 0.5 A/cycle, more than about
1.0 A/cycle, more than about 2.0 A/cycle, more than about
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3.0 A/cycle, more than about 5.0 A/cycle, more than about
10 A/cycle or more than about 20 A/cycle and in some
instances if continuous flow is applied with flow rate modi-
fication or the exposure times are long enough the etch rates
can be more than about 30 A/cycle, more than about 50
Alcycle or more than about 100 A/cycle.

In some embodiments the etch selectivity i.e. the ratio of
material (thickness, mass or amount of atoms/molecules)
removed from the desired surface/material to material
removed from the non-desired surface/materials or surfaces/
materials, is from more than about 2:1, more than about 3:1,
more than about 5:1, more than about 7:1, more than about
10:1, more than about 15:1, more than about 20:1, more than
about 30:1, more than about 50:1, more than about 100:1,
more than about 1000:1. In some embodiments no substan-
tial amount of material is removed from the non-desired
surface/material.

In some embodiments the flow or first or second reactant
can be higher than 2 sccm, can be greater than 10 sccm or
sometimes even higher than 50 sccm or can be more than
100 sccm or more than 500 sccm etc. In some embodiments
first reactant can be continuously flown into the reaction
chamber while second reactant is flown intermittently.

FIG. 1 is a flow chart that depicts an embodiment of an
ALE method generally. The ALE method depicted in FIG. 1
comprises a first exposing step 100, a first removing step
110, a second exposing step 120, and a second removing step
130.

In some embodiments, a substrate having an etch target
material is placed in a reaction chamber and exposed to a
first vapor-phase reactant in the first exposing step 100. The
etching target is typically exposed to the first vapor-phase
reactant for a period of time as provided above. In some
embodiments, the pulse time is about 0.1 to 10 seconds, or
0.1 to 5 seconds.

After the first exposing step 100, excess first vapor-phase
reactant is removed from the reaction chamber in the first
removing step 110. The reaction chamber may be evacuated
with a vacuum pump and or/by replacing the gas inside the
reactor with an inert gas such as argon or nitrogen. The
removing step 110 may typically take about 0.05 to 20
seconds. However, the removing step may take more or less
time if necessary.

The substrate is subsequently be exposed to a second
vapor-phase reactant in the second exposing step 120. The
second reactant may be the same as the first vapor-phase
reactant. The etching target is typically exposed to the
second vapor-phase reactant for a period of time as dis-
cussed above, for example about 0.1 seconds to 10 seconds.

After the second exposing step 120, excess second vapor-
phase halide reactant and volatile reaction byproducts are
removed from the reaction chamber in the second removing
step 130. In some embodiments, the first exposing step 100,
the first removing process 110, the second exposing step
120, and the second removing step 130 form an ALE etch
cycle 150 that may be repeated until a desired amount of
etching of the target material is obtained. In some embodi-
ments, the first exposing step 100, the first removing process
110, the second exposing step 120, and the second removing
step 130 may be repeated for 10, 20, 50, 100, 200, 500, 1000
or more cycles.

In some embodiments, the etch target material comprise
of metals like W, Pt, Cu, Ni, Co, Ti, Zn, Nb, Mo, Ta etc. In
some embodiments, the etch target material comprise of
metal nitrides, for example MoN, NbN, SiN, TiN, TaN, WN,
AIN etc. In some embodiments, the etch target material
comprise of carbides like SiC, TiC, TaC, AlC, HfC, MoC,
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NbC etc. In some embodiments, the etch target material
comprise of oxides, such as dielectric oxides, for example
AlOx, ZrOx, HfOx, TiOx, TaOx, NbOx, MoOx, SiOx, LaOx
etc. In some embodiments, the etch target material comprise
of 2D materials and/or sulfides like WS2, MoS2, TiS2, SnS2
etc. In some embodiments, the etch target material comprise
of metal oxy nitrides like TiONx, metal carbonitrides, such
as WNC, oxycarbides e.g. and elemental substrates like Si,
C, a-C, graphene etc.

In some embodiments, the first reactant comprises Nb, Ta,
Mo or W.

Referring to FIG. 2, according to some embodiments an
etch target thin film comprising W, TiN, TiO,, TaN, SiN,
SiOy, AlO,, AlO,, Al,0,, ZrO,, ZrO,, WO,, AIN, HfO, or
HfO, on a substrate in a reaction space is etched by an ALE
process comprising at least one etch cycle 240 comprising:
contacting the substrate with a vapor phase metal chloride
reactant that does not comprise excited species at step 200
such that the metal chloride reactant reacts with the thin film
on the surface of the substrate to form adsorbed species;
removing excess metal chloride reactant and reaction
byproducts, if any, from the substrate surface at step 210;
contacting the substrate with a second chloride reactant that
does not comprise reactive species at step 220 thereby
converting the adsorbed species into vapor phase reaction
by-products that include atoms of the etch target thin film;
removing excess second chloride reactant and reaction
byproducts, if any, from the substrate surface at step 230;
and optionally repeating the contacting and removing steps
at step 240 to etch the etch target thin film to a desired extent.

Referring to FIG. 3, according to some embodiments an
etch target thin film comprising W, TiN, TiO,, SiOC, SICN,
SiOCN, SiON, TaN, SiN, SiO,, AlO,, AlO,, Al,O,, ZrO,,
7r0,, WO,, AIN, HfO_ or HfO, on a substrate in a reaction
space is etched by an ALE process comprising at least one
etch cycle 340 comprising: contacting the substrate with
vapor phase NbF; at step 300; removing excess NbF and
reaction byproducts, if any, from the substrate surface at step
310; contacting the substrate with vapor phase CCl, at step
320; removing excess CCl, and reaction byproducts from
the substrate surface at step 330; and optionally repeating
the contacting and removing steps at step 340 to etch the
etch target thin film to a desired extent.

Referring to FIG. 4, according to some embodiments an
etch target thin film comprising W, TiN, TiO,, TaN, SiN,
SiOy, AlO,, AlO,, Al,O,, Z1O,, ZrO,, WO,, AIN, HfO, or
HfO, on a substrate in a reaction space is etched by an ALE
process comprising at least one etch cycle 440 comprising:
contacting the substrate with a vapor phase metal halide
reactant that does not comprise excited species at step 400
such that the metal halide reactant reacts with the thin film
on the surface of the substrate to form adsorbed species;
removing excess metal halide reactant and reaction byprod-
ucts, if any, from the substrate surface at step 410; contacting
the substrate with a second organic reactant that does not
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comprise reactive species at step 420 thereby converting the
adsorbed species into vapor phase reaction by-products that
include atoms of the etch target thin film; removing excess
second organic reactant and reaction byproducts, if any,
from the substrate surface at step 430; and optionally
repeating the contacting and removing steps at step 440 to
etch the etch target thin film to a desired extent.

Referring to FIG. 5, according to some embodiments an
etch target thin film comprising W, TiN, TiO,, TaN, SiN,
Si0,, AlO_, AlO,, Al,O,, 7ZrO,, ZrO,, WO,, AIN, HfO, or
HfO, on a substrate in a reaction space is etched by an ALE
process comprising at least one etch cycle 540 comprising:
contacting the substrate with a vapor phase metal halide
reactant that does not comprise excited species at step 500
such that the metal halide reactant reacts with the thin film
on the surface of the substrate to form adsorbed species;
removing excess metal halide reactant and reaction byprod-
ucts, if any, from the substrate surface at step 510; contacting
the substrate with a second adduct forming reactant that does
not comprise reactive species at step 520 thereby converting
the adsorbed species into volatile adducts that include atoms
of the etch target thin film; removing excess second adduct
forming reactant and reaction byproducts, if any, from the
substrate surface at step 530; and optionally repeating the
contacting and removing steps at step 440 to etch the etch
target thin film to a desired extent.

According to some embodiments an etch target thin film
comprising Al,O, HfO,, TiO, or another metal oxides on a
substrate in a reaction space is etched by an ALE process
comprising at least one etch cycle comprising: contacting
the substrate with a first vapor phase reactant comprising a
metal halide or CCl, that does not comprise excited species
such that the first reactant reacts with the thin film on the
surface of the substrate to form adsorbed species; removing
excess first reactant and reaction byproducts, if any, from the
substrate surface; contacting the substrate with a second
organic reactant comprising 1,4-dioxane that does not com-
prise reactive species thereby converting the adsorbed spe-
cies into volatile adducts that include atoms of the etch target
thin film; removing excess second organic reactant and
reaction byproducts, if any, from the substrate surface; and
optionally repeating the contacting and removing steps to
etch the etch target thin film to a desired extent.

EXAMPLES

Thermal ALE was used to etch thin films of SiO, (thermal
and native), TiN, TiO,, TaN, AlO,, AIN, ZrO_and HfO,. The
ALE cycle comprised alternate and sequentially contacting
a substrate comprising the relevant film with NbF, and CCl,;
NbF; and a mixture of CCl, and H,O; NbF; and a mixture
of CCl, and Oj;; or CCl, alone. As shown in Table 1 below,
etching of each of the various types of thin films was
observed, with the etch rate ranging from about 0.1 A/cycle
to about 1.8 A/cycle. No etching of SiO, films or SiO, or
SiN, was observed.

TABLE 1

Reactant Reactant T, cve. Etch rate (A/cycle)

1 2 °C. TiN TiOx TaN AlOx AIN ZrOx HfOx

NbF; CCl, 458 ~02 1.8 Yes 01-1.6 Yes 04 0.1-1.8
0.5)

NbF5 CCly + 458 Yes Yes Bulk @ Yes Yes  Yes Yes

H,O rem.
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TABLE 1-continued

24

Reactant Reactant T eqe. Etch rate (A/cyele)
1 2 °C. TN TiOx TaN AlOx AIN ZrOx HfOx
NbFs CCl, + 458  Yes Yes Bulk Yes Yes  Yes Yes
O3 rem.
CCly 458 0.1 — 04 No — No No

— Not tested

FIG. 6 is a graph showing the differences of mass,
thickness, and sheet resistance of SiO,, TiN, TiO,, SiN, TaN,
Zr0O,, and Al,O; after thermal ALE processing. Substrates
comprising thin films of each material were placed in a
Pulsar 2000™ reactant. The thermal ALE cycle comprised
alternate and sequential pulses of NbF; and CCl,. The
substrate temperature was about 450° C. (susceptor tem-
perature of 465° C. and top plate temperature of 405° C.).
Mass, thickness and sheet resistance were measured after
1000 ALE cycles for the SiO,, Tin, TiO,, SiN, and TaN films
and after 100 cycles for ZrO,, Al,O; and TiO, films. Notice-
able changes were observed for TiN, TiO,, TaN, ZrO,, and
Al,O, from the graph. With regards to TiO,, after 1000 etch
cycles the thickness of the film decreased about 40 nm,
consuming the entire layer. After 100 cycles the thickness
decreased about 20 nm. With regards to TaN, the mass
decreased about 22 mg and the sheet resistant increased
about 11€Q/[] after 1000 cycles. With regards to ZrO,, the
thickness decreased about 5 nm after 100 cycles. With
regards to Al,O;, the thickness decreased about 11 nm after
100 cycles.

FIG. 7 is a graph of the weight and sheet resistance
changes of TiN and TaN films after varying numbers of ALE
cycles with NbF5 and CCl, at a reaction temperature of
about 450° C. Visual inspection revealed complete removal
of 20 nm TiN films at the center of the wafer after 400
cycles.

FIG. 8 is a graph showing the removed mass (mg) of AIN,
TiN, HfO,, and TaN target films subjected to a variety of
thermal atomic layer etch processes as described herein and
according to some embodiments. Hach target film was
etched at a variety of reaction, or etching temperatures for
each process. It was unexpectedly found that an atomic layer
etch process including NbF; as a first reactant and triethyl-
aluminum (TEA) or trimethylaluminum (TMA) as a second
reactant resulted in removed mass from the TaN and AIN
target films.

FIG. 9 is a graph showing the removed mas (mg) of TiN,
AIN, AlOx, HfOx, TaN, SiN, and thermal oxide target films
subjected to a variety of thermal atomic layer etch processes
as described herein and according to some embodiments.
Each target film was etched at a variety of etching tempera-
tures for each process. It was unexpectedly found that ALE
processes including NbF, and TEA as first and second
reactants, ALE processes using TEA and CCl, as first and
second reactants, and ALE processes using NbF, TEA, and
CCl, as reactants resulted in removed mass from the target
films.

It will be appreciated by those skilled in the art that
various modifications and changes can be made without
departing from the scope of the invention. Similar other
modifications and changes are intended to fall within the
scope of the invention, as defined by the appended claims.
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What is claimed is:
1. A method of etching a film on the surface of a substrate
in a reaction chamber by chemical atomic layer etching, the
method comprising one or more etching cycles, each cycle
comprising:
exposing the substrate to a first vapor-phase halide reac-
tant comprising a first halide ligand to form adsorbed
species on the substrate surface, wherein the first vapor-
phase halide reactant does not comprise hydrogen; and

subsequently exposing the substrate to a second vapor-
phase halide reactant comprising a second halide ligand
that converts the adsorbed species into volatile species
such that at least some material is removed from the
film, wherein the second vapor-phase halide reactant
does not comprise hydrogen; and

wherein the substrate is not contacted with a plasma

reactant during the etching cycle.

2. The method of claim 1, wherein the film comprises W,
TiN, TiO,, TaN, SiN, AlO,, Al,O,, ZrO,, WO,, SiOCN,
SiOC, SiCN, AIN or HfO,

3. The method of claim 1, wherein the first vapor-phase
halide reactant comprise a metal halide.

4. The method of claim 3, wherein the metal halide
comprises a metal selected from Nb, Ta, Mo, Sn, V, Re, Te,
W, and group 5 and 6 transition metals.

5. The method of claim 1, wherein the first vapor-phase
halide reactant does not comprise a metal.

6. The method of claim 1, wherein the first vapor-phase
halide reactant comprises an organic halide compound.

7. The method of claim 1, wherein the first vapor-phase
halide reactant comprises an alkyl halide, an acyl halide, a
sulfonyl halide, a sulfenyl halide, a selenyl halide, or a boron
halide comprising an organic ligand.

8. The method of claim 1, wherein the first vapor-phase
halide reactant comprises fluorosulfonic acid, trifluorometh-
anesulfonic acid, triftuoromethyl triftuoromethanesulfonate,
sulfur tetrafluoride sulfur chloride pentafluoride or sulfur
hexafluoride, or 1-chloro 2-(pentatluorosulfuranyloxy)eth-
ane.

9. The method of claim 1, wherein the first vapor-phase
halide reactant comprises chlorosulfonyl isocyanate or N,N-
dimethylsulfamoyl chloride.

10. The method of claim 1, wherein the first vapor-phase
halide reactant comprises boron, hydrogen, and a halide.

11. The method of claim 1, wherein the first vapor-phase
halide reactant comprises phosphorus, oxygen, and a halide.

12. The method of claim 1, wherein the first vapor-phase
halide reactant comprises antimony and a halide.

13. The method of claim 1, wherein the first vapor-phase
halide reactant comprises one or more —CF; groups.

14. The method of claim 1, further comprising repeating
the etching cycle two or more times sequentially.

15. The method of claim 1, wherein the first and second
halide ligands are Cl.

16. The method of claim 1, wherein the second vapor-
phase halide reactant does not comprise metal.
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17. The method of claim 1, wherein the second vapor-
phase halide reactant is a carbon based halide.

18. The method of claim 17, wherein the second vapor
phase halide reactant comprises CCl, or CBr,

19. The method of claim 1, wherein the temperature of the
substrate during the etching cycle is 300° C. to 500° C.

20. A method of etching a film on the surface of a
substrate in a reaction chamber by chemical atomic layer
etching, the method comprising one or more etching cycles,
each cycle comprising:

exposing the substrate to a first vapor-phase reactant such

that the first vapor-phase reactant reacts with a mol-
ecule on the substrate surface to form reactant species
on the substrate surface; and

subsequently exposing the substrate to a second vapor-

phase reactant such that the reactant species are con-
verted into volatile reaction products and a portion of
the film is removed from the substrate surface, wherein
the substrate is not contacted with a plasma reactant
during the etching cycle, wherein the first vapor-phase
reactant comprises CSe,

21. A method of etching a film on the surface of a
substrate in a reaction chamber by chemical atomic layer
etching, the method comprising one or more etching cycles,
each cycle comprising:

exposing the substrate to a first vapor-phase reactant such

that the first vapor-phase reactant reacts with a mol-
ecule on the substrate surface to form reactant species
on the substrate surface; and

subsequently exposing the substrate to a second vapor-

phase reactant such that the reactant species are con-
verted into volatile reaction products and a portion of
the film is removed from the substrate surface, wherein
the substrate is not contacted with a plasma reactant
during the etching cycle, wherein the first vapor-phase
reactant comprises compounds with S—R—S structure
in which R can be carbon or any hydrocarbon, such as
C2-C8.

22. The method of claim 21, wherein the first vapor-phase
reactant comprises CS,

23. A method of etching a film on the surface of a
substrate in a reaction chamber by chemical atomic layer
etching, the method comprising one or more etching cycles,
each cycle comprising:

exposing the substrate to a first vapor-phase reactant such

that the first vapor-phase reactant reacts with a mol-
ecule on the substrate surface to form reactant species
on the substrate surface; and
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subsequently exposing the substrate to a second vapor-
phase reactant such that the reactant species are con-
verted into volatile reaction products and a portion of
the film is removed from the substrate surface, wherein
the substrate is not contacted with a plasma reactant
during the etching cycle, wherein the second vapor-
phase reactant comprises triethylaluminum (TEA) or
trimethylaluminum (TMA).
24. A method of etching a film on a substrate in a reaction
chamber comprising two or more etching cycles, each cycle
comprising:
exposing the substrate to a first vapor-phase halide reac-
tant that does not comprise hydrogen; and

subsequently exposing the substrate to a second, different
vapor-phase halide reactant that does not comprise
hydrogen; and

exposing the substrate to a third vapor-phase reactant that

is different from the first and second vapor-phase
reactants,

wherein the substrate is not contacted with a plasma

reactant during the etching cycle.

25. The method of claim 24, wherein the additional vapor
phase reactant comprises one or more ofSO;, H,S, NH;,
H20, HCOOH, H202, and hydrazine.

26. A method for etching a thin film on a substrate surface
comprising:

exposing the substrate surface to a first vapor-phase halide

reactant comprising a first halide ligand to form first
reactant species on the substrate surface, wherein the
first vapor-phase halide reactant does not comprise
hydrogen; and

subsequently exposing the substrate to a second vapor-

phase halide reactant comprising a second halide ligand
such that the second vapor-phase halide reactant con-
verts the first reactant species to vapor phase reaction
products, wherein the second vapor-phase halide reac-
tant does not comprise hydrogen, and,

wherein the formation of the first reactant species or the

conversion of the second vapor-phase halide reactant to
vapor phase reaction products are not self-limiting.

27. The method of claim 26, wherein the substrate is not
contacted with a plasma reactant during the etching cycle.

28. The method of claim 26, wherein the formation of the
first reactant species and the conversion of the second
vapor-phase halide reactant to vapor phase reaction products
are not self-limiting.



